The purpose of this study was to determine whether the plant type 1 peroxisomal targeting signal (PTS1) utilizes amino acid residues that do not strictly adhere to the serine-lysine-leucine (SKL) motif (small-basic-hydrophobic residues). Selected residues were appended to the C terminus of chloramphenicol acetyltransferase (CAT) and were tested for their ability to target CAT fusion proteins to glyoxysomes in tobacco (Nicotiana tabacum L.) cv Bright Yellow 2 suspension-cultured cells. CAT was redirected from the cytosol into glyoxysomes by a wide range of residues, i. One hallmark of eukaryotic cells is the compartmentalization of specialized metabolic pathways into separate subcellular organelles. Such regulation is strictly dependent upon the proper sorting of protein constituents into each organelle. This process is mediated by the targeting action of organelle-specific topogenic signals that reside within concise amino acid sequences in the protein . Peroxisomal matrix-destined proteins, for example, are directed into the organelle by at least two types of targeting signals, the type 1 and the type 2 PTS. The PTSl is a noncleaved tripeptide (SKL) motif, i.e. smallbasic-hydrophobic residues, or a variant thereof, which resides at the extreme C terminus of the majority of peroxisomal matrix proteins (de Hoop and
One hallmark of eukaryotic cells is the compartmentalization of specialized metabolic pathways into separate subcellular organelles. Such regulation is strictly dependent upon the proper sorting of protein constituents into each organelle. This process is mediated by the targeting action of organelle-specific topogenic signals that reside within concise amino acid sequences in the protein . Peroxisomal matrix-destined proteins, for example, are directed into the organelle by at least two types of targeting signals, the type 1 and the type 2 PTS. The
The PTSl was first identified by Subramani and coworkers when the C-terminal tripeptide of firefly luciferase (-SKL) was demonstrated to be both necessary and sufficient for peroxisomal targeting in cultured mammalian cells (Gould et al., 1987 (Gould et al., , 1989 . Subsequent experimental studies revealed that the SKL motif directed targeting to the peroxisomal matrix in evolutionary diverse organisms such as yeast (Aitchison et al., 1992; Diste1 et al., 1992; Veenhuis, 1992) , plants (Volokita, 1991; Olsen et al., 1993; Banjoko and Trelease, 1995; Hayashi et al., 1996; Trelease et al., 1996a; Lee et al., 1997) , and trypanosomes (Fung and Clayton, 1991; Sommer et al., 1992) .
Other studies with various organisms, however, strongly suggest that the PTSl possesses a greater diversity of functional residues than those defined by the SKL motif. For example, in the trypanosomatid protozoa, the acceptable divergency of the SKL tripeptide for targeting proteins to glycosomes (peroxisome-like organelles) is far more divergent compared with mammals (Blattner et al., 1992) . A Plant Physiol. Vol. 11 5, 1 9 9 7 number of amino acid replacements, including S, N, D, and Y (all nonbasic) at the -2 position of the C-terminal tripeptide of phosphoglycerate kinase were functional for glycosoma1 targeting (Blattner et al., 1992) . In yeast -AKI on C. tropicalis trifunctional enzyme (Aitchison et al., 1991) and -NKL on H. polymorpka dihydroxyacetone synthase (Hansen et al., 1992) reflect divergency because I at the -1 position is nonfunctional in mammals (Aitchison et al., 1992) , and N at the -3 position is large, not small. In S. cerevisiae, Elgersma et al. (1996) demonstrated that a wide range of SKL variants including E, F, G, and P (large) at the -3 position and A, F, Y, and S (nonbasic) at the -2 position in the C-terminal tripeptide of malate dehydrogenase were functional for peroxisomal import.
Greater divergence from the SKL motif has been demonstrated recently for mammalian proteins. Motley et al. (1995) reported that -KKL, -SQL, -NKL, or -SSL at the C terminus of human Alaglyoxylate aminotransferase all were functional for import into human fibroblast peroxisomes. Purdue and Lazarow (1996) demonstrated that N (nonbasic) at the -2 position of the C-terminal tripeptide of human liver catalase was functional for import into human fibroblast and yeast peroxisomes.
Severa1 examples of divergence within the SKL motif have been reported for plants. Trelease et al. (1996b) demonstrated that the C-terminal tripeptide of rat liver catalase with a nonbasic N at the -2 position was sufficient to re-route CAT from the cytosol to tobacco (Nicotiana tabacum) BY-2 glyoxysomes. Hayashi et al. (1996) showed that P (large) at the -3 position of a 10-amino acid fragment (-PRL) appended to GUS was sufficient to target this GUS construct to glyoxysomes and leaf peroxisomes in transgenic Arabidopsis. Hayashi et al. (1996) concluded that this observation was significant because the C-terminal tripeptide of glycolate oxidase from pumpkin is -PRL and therefore this tripeptide likely represents a functional variant of the SKL motif in plants. More recently, Mullen et al. (1997) reported SKL divergency by the observation that the Cterminal tripeptide of cottonseed catalase with P at the -3 position and S (nonbasic) at the -2 position was the PTSl for this constitutive matrix enzyme.
The purpose of this study was to ascertain the range of amino acid residues, both conserved and divergent from the SKL motif, that were functional within the PTSl in plants. To that end, we generated various CAT constructs that coded for permutations of a SKL tripeptide appended to the C terminus of bacterial passenger protein CAT. The subcellular localization of these transiently expressed CAT fusion proteins was analyzed using tobacco BY-2 suspension cells serving as an in vivo glyoxysome import system (Banjoko and Trelease, 1995; Trelease et al., 1996a) .
Experimental results revealed that a wide range of amino acid residues, most of which conform to the SKL motif, were functional within the PTSl in BY-2 cells. This range is considerably greater than those reported for the targeting of proteins to mammalian and certain yeast peroxisomes, but perhaps not for trypanosomes. On the other hand, certain SKL-nonconforming residues were more efficient within the PTSl only when in the proper context conveyed by upstream amino acid residues within the C terminus of certain native peroxisomal proteins.
MATERIALS A N D M E T H O D S Plasmid Constructions
AI1 DNA manipulations were performed using standard procedures (Sambrook et al., 1986) . Restriction enzymes and other DNA-modifying enzymes were purchased from Promega or New England Biolabs and were used as recommended by the suppliers. Custom synthetic oligonucleotides were synthesized at the Arizona State University (ASU) Bioresources Facility (Tempe, AZ). pRTL2 / CAT, which is a plant expression vector that contains the entire CAT open reading frame, was created as described previously (Trelease et al., 199610) . CAT chimeric constructs were generated via PCR-based site-directed mutagenesis with essentially the same reaction conditions as those described by Trelease et al. (1996b) . The various PCR primers used in this study are listed in Table I . PCR mixtures included a forward primer corresponding to an 18-bp region upstream of a unique NcoI site in CAT and a reverse primer that introduced sequences in the 3' untranslated region of CAT encoded for a specific appended polypeptide, a stop codon, and an XbaI site. The resulting PCR products were ethanol-precipitated overnight, resuspended in water, and then digested with NcoI and XbaI and ligated into NcoI-XbaI-digested pRTL2 / CAT. Construction of pRTLZ/CAT-ANL (Trelease et al., 199613) and pRTL2/ CAT-SKL has been described elsewhere.
pRTLZ/IL-ANL was created by modifying the DNA sequences encoding the C-terminal -RM of cIL to -NL via PCR-based mutagenesis. The PCR reaction included a forward primer upstream of unique NheI site within cottonseed IL and a reverse mutagenic primer AGCC-3') that introduced the C-terminal substitutions (i.e. -RM to -NL) as well as an XbaI site in the 3' untranslated region of cIL. The resulting PCR fragment was gel purified, ligated into pCR 2.1 (TA cloning vector; Invitrogen, San Diego, CA), then subcloned into NkeI-XbaI-digested pRTL2/IL .
AI1 DNA constructs were verified by sequencing at the ASU Bioresources Facility employing TaqCycle automated sequencing with DyeDeoxy terminators (Applied Biosystems).
(5'-CTGACGTCTAGAGCTTGTCTTAGATGCTAGGCTT-
Cell Culture and Microprojectile Bombardment
Tobacco (Nicotiana tabacum L. cv Bright Yellow 2) cellsuspension cultures were grown in darkness at 25°C as described previously (Banjoko and Trelease, 1995) . BY-2 cells were harvested 4 d after subculture by centrifugation at 400g, resuspended in an equal volume of 1 X transformation buffer (lx growth media without 2,4-D, and with 250 mM sorbitol and 250 mM mannitol) (Banjoko and Trelease, 1995) , and spread on filter papers premoistened with 1 X transformation buffer. After 1 h of equilibration, BY-2 cells were transiently transformed by microprojectile bom-bardment with 10 pg of plasmid DNA and a Biolistic Particle Delivery System according to the manufacturer's recommendations (Bio-Rad). Bombarded BY-2 cells were then left in unwrapped Petri dishes for 5 h, 20 to 22 h, or 40 to 45 h to allow transient gene expression and import into glyoxysomes.
lmmunofluorescence Microscopy
Transiently transformed BY-2 cells were fixed in 4% (v/ v) formaldehyde in 1 X growth media minus 2,4-D (Banjoko and Trelease, 1995) for 1 h at room temperature. Cells were then washed several times with l x PBS (4.3 mM Na,HPO,, 1.4 mM KH,PO,, 2.7 mM KC1, and 137 mM NaC1, pH 7.4), and incubated with 0.1% (w/v) pectolyase Y-23 (Seishin Pharmaceutical Co., Tokyo, Japan) in I X PBS for 2 h at 30°C. After washings in l x PBS, plasma, and organellar membranes were permeabilized by incubating cells in 0.3% (v/v) Triton X-100 (Sigma) for 15 min at room temperature .
For experiments designed to demonstrate the actual import of transiently expressed proteins into the glyoxysomal matrix, BY-2 cells were harvested in 1 X growth medium and then fixed in 2% ( v / v ) formaldehyde in 50 mM KHJ'O, , pH 7.2, as described previously . Following pectolase treatment, cells were differentially permeabilized with digitonin (25 p g / mL) (Sigma) rather than with Triton X-100 for 15 min at room temperature to selectively permeablilize the plasma membrane .
Portions of pectolyase-treated, detergent-permeabilized, and PBS-washed cells were processed for immunofluorescence microscopy. Applications of primary and fluorescent dye-conjugated secondary antibodies were performed as described by Trelease et al. (1996a) . After each incubation cells were washed with l x PBS. Antibody sources and concentrations used were as follows: mouse anti-CAT monoclonal antibody (undiluted hybridoma medium; gift from S. Subramani, San Diego, CA), rabbit anti-cottonseed catalase IgGs (prepared with protein A affinity columns; Kunce et al., 1988) at 1:500 (v/v), rabbit anti-cottonseed IL IgGs (prepared with protein A affinity columns; Lee et al., 1997) 
RESULTS lmport of CAT-SKL into BY-2 Clyoxysomes
In our initial studies related to in-vivo targeting of fusion proteins to peroxisomes in BY-2 cells, we biolistically introduced either pCAMVCN, which contained sequences encoding CAT, or pCAMVC-SKL-N, which contained sequences encoding -SKL at the C terminus of CAT (Banjoko and Trelease, 1995) . In a11 of our subsequent studies, we biolistically introduced CAT constructs within the pRTL2 vector (e.g. Trelease et al., 1996a Trelease et al., , 1996b . The same applies to the current study, i.e. wild-type CAT and modified versions of CAT with appended C-terminal polypeptides were transiently expressed from pRTL2 in BY-2 cells. Assessments of the functionality and / or temporal efficiency of the appended amino acid residues were made relative to results obtained with transiently expressed CAT possessing the prototypical -SKL tripeptide (pRTL2 / CAT-SKL). Figure 1, A and B, includes representative photomicrographs illustrating the subcellular localizations of CAT and CAT-SKL, respectively, in biolistically transformed BY-2 cells. During the 20-h postbombardment period allowed for expression and sorting of these introduced CAT fusion proteins, CAT accumulated and remained throughout the cytosol in transiently transformed cells (Fig. 1A) . In contrast, CAT-SKL was redirected during the same period of time from the cytosol to organelles, presumably to glyoxysomes (the punctate pattern shown in Fig. IB) . Compelling evidence for glyoxysomes being the targeted site of CAT-SKL was the co-localization of CAT-SKL with endogenous glyoxysomal catalase (Banjoko and Trelease, 1995) . In control experiments in which BY-2 cells were transformed transiently with the gene encoding cottonseed IL (pRTL2/ IL), immunostaining was not observed following application of anti-CAT monoclonal antibodies (data not shown).
It is important to note, however, that the immunofluorescence co-localization of transiently expressed CAT-SKL with endogenous catalase does not necessarily demonstrate actual import into the glyoxysomal matrix. Rather, observed punctate immunofluorescence patterns such as those shown in Figure IB could simply reflect the binding of the CAT-SKL to the cytosolic face of the glyoxysomal boundary membrane. Recently, Lee et al. (1997) demonstrated by differential permeabilization of the plasma and glyoxysomal boundary membranes in BY-2 cells that introduced cottonseed IL was targeted and imported into the glyoxysomes. Cells were incubated in 0.3% (v/v) Triton X-100 to permeabilize both the plasma membrane and the peroxisomal boundary membrane, or in 25 /xg/mL digitonin to permeabilize only the plasma membrane. Punctate immunofluorescence of introduced IL correlated with fluorescence imaging of matrix-localized catalase, rather than with the imaging of cytosolic tubulin, indicating that IL was contained within the glyoxysomes following translocation through the boundary membrane .
To ascertain whether CAT-SKL had actually been imported into the glyoxysomal interior, transformed cells were treated with digitonin as described by Lee et al. (1997) . When the same batch of BY-2 cells shown in Figure IB was selectively permeabilized with digitonin, CAT-SKL was not immunostained (Fig. 1C) , whereas cytosolic tubulin was readily immunostained (Fig. ID) . These results indicate that CAT-SKL was not adhered to the outside of the glyoxysomes, but was imported into the organelles. The same differential permeabilization results were obtained for all other CAT constructs examined in this study whether they were targeted efficiently or inefficiently to glyoxysomes. Figures illustrating these results are not presented.
Conservation of the SKL Motif
We demonstrated previously that the C-terminal tripeptides of rat-liver catalase (-ANL) and cottonseed catalase (-PSI) were necessary for targeting these enzymes to BY-2 glyoxysomes (Trelease et al., 1996b; Mullen et al., 1997) . These observations were somewhat surprising because both tripeptides were conspicuously divergent from the consensus SKL motif (de Hoop and AB, 1992; Subramani, 1993) ; i.e. P at the -3 position was large not small, and S and N at the -2 position were nonbasic residues. It became of interest, therefore, to determine the range of amino acid residues that could function within the PTS1. Table II summarizes the results of these experiments. Figure 2 shows representative immunofluorescence photomicrographs illustrating the subcellular localizations of selected CAT constructs listed in Table II . Figure 2A shows a punctate BODIPY immunofluorescence pattern attributable to the transient expression of a CAT fusion protein containing a C, a small residue at the -3 position, i.e. CAT-CKL. When the same field of cells shown in Figure 2A , which were double-labeled with anticottonseed catalase IgGs, was viewed with the rhodamine filter, an identical punctate immunofluorescence pattern attributable to endogenous catalase was observed in the transformed cell and in all neighboring cells (results not shown). Therefore, -CKL, which conforms to the SKL motif, was sufficient for redirecting CAT from the cytosol to glyoxysomes. Similar results were observed when other small amino acid residues such as G (-GKL) or T (-TKL) were substituted for S at the -3 position (Table II) . However, targeting of fusion proteins to glyoxysomes was abolished when a large amino acid residue such as F (Fig. 2B) or P (Fig. 2C) replaced S at the -3 position. Figure 2 , B and C, shows that CAT-FKL and CAT-PKL, respectively, accumulated throughout the cytosol of transformed cells.
To test the requirement of a basic amino acid residue at the -2 position, K was substituted either with a conserved or a divergent residue (Table II) . As shown in Figure 2D , the transient expression of CAT-SHL resulted in a punctate BODIPY immunofluorescence pattern in transformed BY-2 cells. CAT-SHL immunofluorescence co-localized with endogenous catalase staining (results not shown), indicating that basic H was functional at the -2 position for glyoxysomal targeting. Similarly, substitution of K with basic R (-SRL) also preserved targeting of CAT to glyoxysomes (not illustrated; Table II ). However, if K was substituted with a nonbasic amino acid residue such as L or T, targeting of CAT to glyoxysomes either was markedly reduced or abolished, respectively. For example, Figure 2E shows that at 20 h postbombardment, L at the -2 position (CAT-SLL) results in punctate and cytosolic immunofluorescence within the same cell. These repeatable data indicate that this fusion protein is not completely targeted from the cytosol to glyoxysomes within the 20-h period. Targeting also was inefficient when nonbasic N was at the -2 position and A was at the -3 position (CAT-ANL) (Table II) . However, Figure 2F shows that when nonbasic T was substituted at the -2 position (CAT-STL), glyoxysomal targeting was not apparent during the 20-h expression period. After 40 h some CAT-STL was targeted to glyoxysomes (results not shown).
The requirement of a hydrophobic amino acid residue at the -1 position was also tested. Figure 2G shows that substitution of L at the -1 position with hydrophilic D (CAT-SKD) abolishes glyoxysomal targeting. However, substitutions at the -1 position with various hydrophobic amino acid residues preserved glyoxysomal targeting (CAT-SKI, Fig. 2H ; CAT-SKF, Fig. 21 ; CAT-SKY, Table II ). On the other hand, when I was at the -1 position with a nonbasic S at the -2 position (CAT-SSI), glyoxysomal targeting was not evident (Table II) .
Temporal Targeting Efficiency of CAT Constructs
Because CAT-ANL and CAT-SLL were inefficiently targeted to BY-2 glyoxysomes (Table II) , we investigated the kinetics of expression and sorting of these and other fusion proteins following biolistic bombardment. Figure 3 is a group of representative immunofluorescence photomicrographs illustrating the temporal efficiency of glyoxysomal targeting of CAT-SKL, CAT-ANL, CAT-SLL, and CAT-SSI 5 h, 20 to 22 h, and 40 to 45 h after bombardment. Figure 3A shows that transient expression for 5 h of CAT-SKL results in cytosolic and punctate immunofluorescence in the same cell, indicating that some of the CAT-SKL is targeted to BY-2 glyoxysomes during this period. When CAT-SKL was expressed transiently for 20 to 22 h (Fig. 3B ) or 40 to 45 h (Fig. 3C) , only punctate immunofluorescence was observed, indicating that CAT-SKL was completely targeted to glyoxysomes during these periods. The lack of any detectable free cytosolic fluorescence after 20 h indicates that a reverse equilibrium of CAT-SKL targeting/ import was not occurring. These data (Fig. 3 , B and C) are consistent with our results for co-localization of CAT-SKL with endogenous catalase presented in Figure 1 , B and C.
CAT-ANL transiently expressed for 5 h remained in the cytosol (Fig. 3D) , whereas transient expression for 20 to 22 h was sufficient time for import of some of the CAT-ANL as illustrated in Figure 3E . At 40 to 45 h CAT-ANL still was not completely localized within glyoxysomes, i.e. cytosolic staining of CAT-ANL often was observed (Fig.  3F) . Comparison of the temporal targeting efficiency of CAT-ANL with CAT-SLL reveals similar results. At 5 h postbombardment, essentially all of the detectable CAT-SLL was in the cytosol (Fig. 3G) , whereas after 20 to 22 h (Fig. 3H ) or 40 to 45 h (Fig. 31) , fluorescence in transformed cells was both cytosolic and glyoxysomal (Fig. 3H) .
We examined the temporal targeting efficiency of a CAT fusion protein, CAT-SSI, which possesses a putative nonfunctional PTS1 (Table II) , to determine whether the prolonged transient expression (i.e. 40-45 h) of introduced CAT fusion proteins artificially resulted in glyoxysomal localization. Figure 3 , J through L, shows that accumulated CAT-SSI remained in the cytosol for the entire 40-to 45-h postbombardment period. Similar results were obtained when CAT without any appended amino acids was transiently expressed for 40 to 45 h (results not shown).
Role of K at the -4 Position in Glyoxysomal Targeting
Results shown in Figure 4 demonstrate that the functionality of a PTS1 can be affected by the context conveyed by at least one upstream amino acid residue. CAT-ANL was partially targeted to glyoxysomes after 21 h (Fig. 4A) , but when -KANL was appended to CAT (CAT-KANL), essentially all of this fusion protein was redirected from the cytosol to glyoxysomes after 20 to 22 h (Fig. 4B ). These observations suggest that the addition of K at the -4 position enhanced the efficiency of an -ANL to target CAT to BY-2 glyoxysomes. To test the role of K already at the -4 position on a peroxisomal protein, we substituted the Cterminal -RM of cottonseed IL with -NL, resulting in IL-KANL because cottonseed IL possesses a KA at the -4 and -3 positions, respectively (Turley et al., 1990) . Figure 4C shows that 20 h postbombardment, IL-KANL accumulates in the cytosol and glyoxysomes within the same cell. After 40 h IL-KANL still was only partially targeted to glyoxysomes, which is similar to the results with CAT-ANL. However, transiently expressed wild-type IL (IL-KARM) was completely targeted to glyoxysomes during the 20-h expression period (results not shown), indicating that K at the -4 position in IL was not sufficient to compensate for the inefficient targeting activity of -ANL.
DISCUSSION
Cultured BY-2 suspension cells constitute a model invivo system for elucidating the targeting signals responsible for sorting peroxisomal-destined proteins (Banjoko and Trelease, 1995; Trelease et al., 1996b) . In this study immunofluorescence microscopic analyses of the subcellular localizations of various transiently expressed CAT fusion proteins allowed us to characterize the PTS1 in plants. were functional for redirecting CAT from the cytosol to BY-2 glyoxysomes. The majority of these residues conform to the SKL motif, i.e. small-basic-hydrophobic residues, and seem to be within PTSls that are the most efficient for targeting.
Mutational analyses of amino acid residues examined with in vivo (Gould et al., 1989; Swinkels et al., 1992) and in vitro (Miura et,,al., 1992) mammalian systems revealed that conserved substitutions conforming to the SKL motif preserved peroxisomal targeting. For instance, replacements of small S with A or C at the -3 position, basic K with R or H at the -2, or hydrophobic L with M at the -1 position permitted targeting of transiently expressed firefly luciferase or CAT fusion proteins into peroxisomes of cultured mammalian cells. Each of the amino acid residues that were shown to function in mammalian cells was found in our study to be sufficient for targeting CAT fusion proteins to BY-2 glyoxysomes (Table 11 ). Although we did not directly test M at the -1 position, results from other studies with plant cells indicated that C-terminal polypeptides containing M, e.g. -ARM , -KSRM (Olsen et al., 1993; Trelease et al., 1996a) , and -SRM , were sufficient for targeting CAT (or GUS) to peroxisomes (glyoxysomes).
Severa1 amino acid residues other than those shown to function in mammalian cells were found to be sufficient for redirecting CAT from the cytosol to BY-2 glyoxysomes. For example, conserved substitutions of small S with G or T at the -3 position or hydrophobic L at the -1 position with either I, F, or Y a11 preserved glyoxysomal targeting (Table   11 ). These latter results contrast with findings for peroxisomal targeting in mammalian cells where I or F (Y not tested) were not functional at the -1 position (Subramani, 1993) . However, I, F, and Y at the -1 position were functional for targeting to glycosomes and peroxisomes in trypanosomes (Blattner et al., 1992; Sommer et al., 1992) and in yeast (Aitchison et al., 1991) , respectively. These apparently conflicting observations for residues that are functional within the PTSl of various organisms have been explained previously by species-specific divergency (Purdue and Lazarow, 1994) .
The nontargeting of CAT-PKL to glyoxysomes provides additional evidence that the plant PTSl mostly conforms to the SKL motif (Fig. 2C ). This result is consistent with our previous results in which the C-terminal -PSI of cottonseed, catalase (large P at the -3 position and nonbasic S at the -2 position) was not sufficient for directing CAT to BY-2 glyoxysomes . Substitution of large residues at the -3 position were not examined in mammalian peroxisomal import studies. In other studies of plants and yeast, however, P at the -3 position was capable of directing peroxisomal targeting. Hayashi et al. (1996) demonstrated that a substitution of S with P (-PRL) on a 10-amino acid C-terminal fragment identical to residues in pumpkin MS appended to GUS was sufficient for targeting this fusion protein to glyoxysomes and leaf-type peroxisomes in transgenic Arabidopsis. Elgersma et al. (1996) reported that a substitution of S at the -3 position with P (-PKL) or F (-FKL) in epitope-tagged S. cerevisiae malate dehydrogenase still permitted targeting in vivo to peroxisomes. This latter observation contrasts with our findings that -FKL could not direct CAT to BY-2 glyoxysomes (Fig. 28) .
These apparent discrepancies seem to be due not to species diversity, but to a consequence of the context conveyed by residues upstream of the PTS1. Elgersma et al. (1996) attributed the inability of some PTSls with divergent SKL residues to direct a reporter protein to peroxisomes to be due to the lack of a homologous context that included "accessory sequences." As an example, they mentioned the insufficiency of -SSL (found on glycosomal phosphoglyceral kinase) to target various reporter proteins to peroxisomes (Gould et al., 1989; Blattner et al., 1992) . Substitution of -SSL for the PTSl on native A1a:glyoxylate aminotransferase or malate dehydrogenase, however, resulted in these proteins being directed to mammalian (Motley et al., 1995) and S.
cerevisiae (Elgersma et al., 1996) peroxisomes, respectively. Elgersma et al. (1996) concluded that the ability of -SSL to function as a PTSl only at the end of a native peroxisomal protein likely was due to the role of "accessory sequences" within the C terminus of the protein. Consequently, the authors proposed that recognition of peroxisomal-destined proteins bearing a divergent PTSl could be mediated via interactions between the PTSl receptor (PEX5; Diste1 et al., 1996) and other "accessory sequences" aside from the PTS1. Elgersma et al. (1996) noted that the SKL motif likely constitutes the most favorable PTSl signal because the majority of peroxisomal proteins possess the C-terminal consensus sequence (de Hoop and AB, 1992; Subramani, 1993) . Therefore, for those peroxisomal proteins that do not possess an "ideal" PTS1, evolutionary selection pressure for efficient peroxisomal targeting may have worked on nearby upstream residues to function as accessory amino acids (Elgersma et al., 1996) . Evidence for this model comes from targeting studies of human and cottonseed catalase in which -ANL and -PSI, respectively, were insufficient for redirecting CAT from the cytosol to peroxisomes (Purdue and Lazarow, 1996; Mullen et al., 1997) . However, both catalase tripeptides were sufficient for targeting CAT to peroxisomes (glyoxysomes) when a specific additional residue was included at the -4 position in an appended polypeptide, i.e. -KANL and -RPSI. These findings, as pointed out by the authors, suggest that the adjacent residue "compensates" for residues within the PTSl that do not conform to the SKL motif. This interpretation also could explain our results for the inability of -PKL or -FKL to direct CAT to BY-2 glyoxysomes (Fig. 2, B and C) . That is, P appeared to be nonfunctional within the tripeptide appended to CAT, but was functional when in the proper context conveyed by residues within a native peroxisomal-destined protein. For example, CAT was targeted to BY-2 glyoxysomes when R was included at the -4 position of an appended polypeptide (-RPSI) , and GUS was targeted to Arabidopsis peroxisomes when -PRL was at the end of a 10-amino-acid fragment identical to the C terminus of pumpkin MS .
Other examples for the importance of putative accessory residues in peroxisomal targeting have been reported and may provide additional evidence for our interpretations of the role of K at the -4 position in CAT-KANL. Mullen et al. Plant Physiol. Vol. 11 5, 1997 (1997) demonstrated that mutations in residues within the C terminus of cottonseed catalase abolished glyoxysomal targeting in BY-2 cells even when the PTSl was left intact. Wolins and Donaldson (1997) studied the interactions between an acyl-CoA oxidase synthetic peptide and putative PTSl receptors integrated into boundary membranes isolated from castor bean glyoxysomes. They found that the PTSl sequence (-SKL) of the acyl-COA oxidase peptide bound to a low-affinity site and that adjacent amino acid residues within the peptide bound to a high-affinity site. These authors suggested that the high-affinity site constitutes the initial binding interaction event between the PTSl receptor and the peroxisomal matrix-destined protein, whereas binding to the low-affinity site provides the selection for translocation through the boundary membrane via the import machinery. It is conceivable that in our study interactions with a putative high-affinity site were not involved when CAT was used to analyze targeting results. Nevertheless, our results are meaningful, given that a majority of the CAT fusion proteins tested were imported into glyoxysomes.
CAT-ANL (Fig. 3E ) was inefficiently targeted to BY-2 glyoxysomes 20 h after biolistic bombardment compared with the targeting of CAT-SKL (Fig. 3B) . However, CAT-ANL targeting inefficiency was ameliorated when K was included at the -4 position (CAT-KANL; Fig. 48 ). Based on the interpretations published by severa1 groups (Elgersma et al., 1996; Purdue and Lazarow, 1996; Mullen et al., 1997; Wolins and Donaldson, 1997) , it is possible that addition of K at the -4 position allowed for a more efficient interaction between the divergent -ANL and the putative PTSl receptor in BY-2 cells. The complete targeting of CAT-SKL to glyoxysomes during the 20-h period (Fig. 3B ) presumably did not require additional accessory residues. These interpretations may also explain why IL-KANL was inefficiently targeted to glyoxysomes after 20 h (Fig. 4C) . Cottonseed IL is an essential enzyme of the glyoxylate cycle and recently has been demonstrated to be targeted to BY-2 glyoxysomes by its C-terminal SKL-conforming -ARM . It is possible that the cottonseed IL does not possess accessory residues required for efficient glyoxysomal targeting. Consequently, accessory residues would not be present within the IL-KANL construct to compensate for a PTSl possessing a less-efficient N at the -2 position.
Puzzling questions related to these interpretations are as follows. Why was IL-KANL less efficiently targeted to BY-2 glyoxysomes than a CAT-fusion protein containing the similar C-terminal tetrapeptide (CAT-KANL)? Similarly, why was CAT-SSI not directed to BY-2 glyoxysomes (Fig. 3 , J-L) even though it was similar to CAT-ANL, i.e. a nonbasic residue at the -2 position? One possible explanation of these results is that residues within CAT, but not IL, inherently resemble accessory residues involved in peroxisomal targeting. Furthermore, these "cryptic" accessory residues may be capable of only compensating for certain divergent residues within the PTSl, i.e. N but not S at the -2 position.
Wolins and Donaldson (1997) identified a cluster of basic residues upstream of the PTSl in the acyl-COA oxidase fragment that were essential for binding to the putative PTSl receptor in isolated membranes. However, a comparison of the sequences within the C termini of cottonseed IL, CAT, and cottonseed catalase did not reveal a similar basic cluster of residues.
In summary, this and other related targeting studies clearly indicate that residues involved in the PTSl pathway may not be restricted to the C-terminal tripeptide. Accumulating evidence suggests that accessory residues within peroxisomal-destined proteins that do not possess a conserved SKL motif play an essential role during interaction with the PTSl receptor. Nevertheless, our results predict that a characterization of a putative plant peroxisomaldestined protein based on a C-terminal tripeptide composed of small-basic-hydrophobic residues is applicable.
